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Abstract
Young stars, with an age typically less that 10 million years, provide a fascinating glimpse
into how stars like our Sun were created. A special class of these young stars, called T
Tauri stars, have a mass similar to the Sun and are in the final stages of being formed. B.
Pettersson identified several T Tauri stars in nearby Gum nebula in a 1986 paper. Using
modern techniques and a few recent observations, this project sought to characterize the
temperature, luminosity, mass, age, and distance of each these stars. This goal was achieved
for eight of Pettersson's T Tauri stars, and it was found that they can be divided into two
distinct groups, located on opposite sides of the Gum nebula. In addition, evidence was
found that the ninth star may in fact be a binary T Tauri system with a long-lived accretion
disk.
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1

Introduction

Where do stars like the Sun come from? Are Sun-like stars still being born? How many of
those stars form planets around them?

These questions must be answered before any estimation of how common Earthlike planets,
and thus the potential for life elsewhere in the universe, call be addressed. The very first
step in knowing whether or not we are alone in the universe must be to know where we came
from. And the first step in that journey is to know the origins of the Sun.

The Sun is a mid-life G2-class star with a surface temperature of about 5860 I< (10088°F)
and a mass of about 2 * lo3' kg (Sackmann and others 1993). The Sun is about 4.55 billion years old, and will live for another 6.36 billion years before mushrooming up as a red
giant, and then cooling off to become a dim white dwarf. The Sun's childl~ood,though,
was relatively brief, lasting only about 31 million years before it stabilized as an adult main
sequence star. Given then that stars like the Sun are only in their young states for less than
half a percent of their age, it seems quite a challenge to find stars that are in this pre-main
sequence stage. The easiest way to increase the odds of discovery is to know what to look
for. Thus, in order t o find young stars, a model must be built up to describe the early life
of a star.

1.1

Stellar Formation

After the universe was created in the Big Bang, the first recognizable form of matter was
a loose collection of protons and electrons-Hydrogen

gas (Harpez 1994). The first stars

formed when local inconsistencies in this gas caused parts of it t o gravitationally clump together. ~ h e s clumps
e
grew as they drew in more and more material. Eventually, the internal
pressures a t the cores of these first stars grew great enough to force Hydrogen atoms to fuse

together, producing Helium and massive amounts of energy. The sheer size of these early
stars meant that they rapidly burnt through their Hydrogen, and began burning Helium, and
so forth up the Periodic Table. In the process, they produced massive amounts of elements
like Carbon, Oxygen, Silicon, and Iron that had not previously existed.

Eventyally, this first generation of stars (idiosyncratically called Population 11) burned
through all the matter they could, and blew in massive explosions called supernovz. These
explosions threw great clouds of matter across several hundred parsecs of space, including
the new elements produced in the star's nuclear furnace. As these stellar remains fell into
existing clouds of gas, they triggered the formation of new local inconsistencies (Fultuda and
Hanawa 2000). Like the generation before, these new stars formed through gravitational
contraction. However, the abundance of dust particles (chiefly made from Carbon, Oxygen,
Silicon, and Iron) caused the young stars to be veiled behind a dusty cloud.

After such a low mass star (less than 2Ala) has undergone core collapse, the conservation of
angular momentum causes the condensed protostar to spin rapidly (Yorke and Bodenheimer
1999). This spinning then causes the star's gravitational and magnetic field lines to drag
through the surrounding gas and dust cloud. This in turn transfers most of the star's angular
momentum back to the cloud, causing it to spin about the protostar, and condense into the
shape of a disk (Harpez 1994).
I

As the inner disk of the protostar begins to speed up, it looses some of its orbital energy to
friction, and begins to circle inwards (Hartmann 1998). This slower material is channeled
down the magnetic field lines to crash into the star at a high velocity. This impact then
radiates a large amount of energy in the ultraviolet and visible emission lines of the disk
material. Thus, by looking at those excess emission lines, both the amount of accretion and
the composition of the disk can be determined.

During the time period when most of the accretion onto the star is happening, however,
the star's surface has not heated up sufficiently by the core's Hydrogen fusion to be very
bright just yet. Thus, the star glows very dimly in the far infrared at wavelengths that are
not detectable through the Earth's atmosphere (Harpez 1994). Young sta.rs of this age are
therefore generally identified by the massive jets of material that was accelerated towards
the star, but then shot off in direction perpendicular to the disk. These bipolar jets, called
Herbig-Haro Objects (HHO), spray out disk material away from the star at velocities on the
order of 300 km/s. In the process, they clean away much of the material surrounding and
obscuring the star. After the HHOs have petered out, the young star, now beginning to heat
up from its atomic furnace, is surrounded by just a thin disk of gas and dust. This star can
now be called a T Tauri.

1.2

T Tauri Stars

The first object to be identified as a star that has just lost its dust cloud was star T in the
constellation Taurus. Thus, this entire class of stars is ltnown as the T Tauris. The basic
observational characteristics of a T Tauri star, as defined by Harpez are as follows (1994):
1. They are found close to gas and dust n e b u l ~ .
2. They are irregularly variable in both luminosity and spectra.

3. They produce bright emission lines in Hydrogen and Calcium.
4. Their effective temperature is low for their size, at around 4000 K.

5. They have a high abundance of Lithium, like all young stars.

6. They have active surface features like flares, spots, etc.
By the time a star reaches the T Tauri stage, it has transfered most of its angular momentum
to the surrounding disk (Kundurthy and others 2006). Additionally, ionized gas and dust

continue to travel along the magnetic channels to accrete onto the star, but as the star heats
up, the inner 1 AU of the disk quickly depletes by evaporation (where 1 AU is distance from
the Earth from the Sun). The rest of the disk is relatively stable and emits in the infrared
due to both local accretion release and reemission of absorbed stellar radiation (Hartmann
1998). As much of the material in a T Tauri disk is Hydrogen, most of this infrared excess
is in the H-cu line at 6562 A. As is shown below, this distinctive H-cr excess is a very useful
selection criteria in finding young stars.

Not all material in the circumstellar disk, however, will disappear to accretion and evaporation. A disk with a low level of activity has a chance of having dust particles gravitationally
clump together to form chunks, which in turn become the building blocks of a planetary system (Harpez 1994). As it is believed that the Sun was once a T Tauri itself, identifying the
processes that govern the transformation of a disk into planets is a crucial step in identifying
the ubiquitousness of Earth-like planets in the universe.

Finally, it should noted that stars less than two solar masses generally are not born alone.
The regions of ionized gas that support star formation typically have a total mass sufficient
to support the formation of multiple low-mass stars. Thus, when a triggering event occurs,
such as the supernova shell described above, several stars can form within a few hundreds
of thousand years of each other. As this report will show, this can be a very useful fact in
estimating the distance of a group of T Tauri stars.

1.3 The Gum Nebula
The Gum nebula is a large region of mainly ionized Hydrogen gas that spans a radius of up
to 250 parsecs, and is between 200 and 450 parsecs from the Earth (Brandt and others 1971,
Kim and others 2005). First observed by C. S. Gum in 1952 at the Commonwealth Observatory in Canberra, Australia, the nebula is centered at around galactic longitude 1 = 258"

and latitude b = -5'

(Gum 1952). Two very large 0-class stars,

< Puppis and y2 Velorum,

together produce a powerful interstellar wind, which helps to ionizes the Hydrogen of the
nebula (Pettersson 1987). Even these massive stars, though, are not powerful enough to
produce all the ionizion seen (Brandt and others 1971). Rather, the nebula itself appears to
be the remnant material blasted away from the Vela X supernova. The Gum nebula is thus
potentially one the closest regions t o Earth where supernova triggered star formation could
have recently occurred.

The Gum nebula also plays host to a multitude of distinctive structures known as cometary
globules (Kim and others 2005). Cometary globules (CGs), as their name implies, are distinct clouds of gas that, due to drag from an interstellar wind, have formed a head and
tail structure, like a comet. CGs have a mass of 10-100 AdQ and size of 0.1-1 parsecs and
are commonly found in H I1 regions near 0-class stars (where @ means the Sun). It not
surprising, then, that the Gum nebula is host to at least 32 identified CGs, all of which
are thought to be driven by the ionizing radiation of

< Pup and y2 Vel, as their tails point

away from those central stars. It should also be noted that the identified CGs are only 50-70
parsecs from the center of the nebula, and are travelling towards the edge at a velocity of
10-12 lcm/s, relative to the center (Kim and others 2005).

The region the Gum nebula that will be studied in this report spans (in the 1950 epoch)
from Right Ascension 8'95m t o 8"20m and Declination -35" to -36'15'

(Pettersson 1987).

This area of the sky is the home to CG 30 and 31 cometary globules, which are estimated
t o be roughly 200 parsecs away from Earth (Kim and others 2005).

1.4

Purpose of Project

The purpose of this project was to determine the temperature and luminosity of the nine T
Tauri stars identified by B. Pettersson, and t o use that information to estimate each star's

,

mass, age, and distance. Pettersson's 1986 H-cu survey of the area listed above was used for
the basic spectra intensity data for each star. In addition, high-resolution spectral types, as
identified by this student's advisor, Dr. R. White of the University of Alabama in Huntsville
Physics Department, were also used in the calculations. These two data sets were combined
to produce estimates of temperature and luminosity for each star as a function of distance.
These results were then fed into a computer program developed by White t o interpolate
values of mass and age, and the stars' distance inferred from these results.

2

Observations

Astronomers are at a distinct disadvantage in the sciences, as they objects that they study
are typically massive distances away, and they only information available is about the tiny
amounts of light that happen to cross the parsecs to arrive and be detected on Earth. Thankfully, astronomers and astrophysicists have developed many theories and observational methods for deciphering precise properties of stars from relatively little data. Absolutely the most
powerful of these methods is spectral analysis.

There are two basic sources of electromagnetic radiation are blackbody radiation and atomic
transitions. Blackbody radiation is produced by all objects with a temperature greater than
zero Kelvin, and has continuous spectrum of wavelengths that is a simple function of the
object's temperature. Atomic transitions, however, are both unique to the chemical element
that is producing them, and have discretely quantized wavelengths. Thus, t o find the temperature of a glowing object, like a star, one would fit a blaclcbody curve the object's spectral
profile. Then, the blackbody curve can be subtracted from the spectral profile, giving the
atomic transitions present in the object.

Obviously, in order to do this spectral analysis, the spectral profile of each star needs t o

be observed and recorded. Not all the spectrum must observed, though. Specifically, the
visible and near infrared bands have the most insightful atomic transitions in young stars,
and contains enough of the blackbody curve to determine the star's temperature. Thus, to
find the properties of Pettersson's T Tauri stars, this report will use analysis of their visual
and near-infrared spectral profiles.

2.1

Observational Methods

The spectral data used in this project comes from two different sources. First, there is data
obtained by Pettersson-which

he used to identify the target stars as T Tauris, and which he

presented in his 1986 paper on the subject. Second, there is also the newer, higher resolution
data that was obtained by White. This new data could not be used exclusively, though, as
it has not been fully processed, and such processing is beyond the scope of this project.

Between December 1982 and January 1981, Pettersson observed a large number of H-cr
sources in the region of the Gum nebula's cometary globules CG 30 and 31 (1987). The
H-cr frequency of radiation is commonly associated with young stars that are still accreting
material, and cometary globules are often regions of star formation. Pettersson took these
observations at the European Southern Observatory (ESO) in La Silla, Chile, using the
ESO's 1 meter telescope. In order to measure the intensity of a specific range of light, optical filters were used to block out all other wavelengths. Pettersson therefore used Cousins'
photometric system of filters to measure each star's magnitude in the U , V, B, R, and I
energy ranges, in addition to their spectral features.

White's data was obtained specifically to supplement that taken by Pettersson. As such,
each of the nine T Tauri stars identified by Pettersson was observed from 6340 to 8740 A, at
much higher resolution than before. Indeed, the instrument used was the High Resolution
Echelle Spectrometer (HiRES) at the Keck Observatory in Mauna Ices, Hawaii. HiRES, to

quote its website, "is a grating cross-dispersed, echelle spectrograph capable of operating
between 0.3 and 1.0 microns" (Hill and Tran 2006). White obtained this data on April
4, 2004, and made two measurements for Ha34 and three for Ha41 because of the unusual
features in each of their spectra.

2.2

Star Section Criteria

Since H-cu emission can be produced by either the accretion of material onto a young dwarf
star (like a T Tauri), or just by excited Hydrogen ions in a star's photosphere, some method
must be used to filter out the real T Tauris from the large, bright background stars.

To do this, Pettersson attempted to find the spectral type of each star. Because of the
low resolution of the spectra that he collected, he was unable to classify the stars using the
typical method of spectral lines. Specifically, his spectra were lower resolution than allowed
him to read the Lithium 6707 A line, wllich is the classical signature of a T Tauri. Instead,
Pettersson simply compared the general spectral profile of each star to known types, and
found which type fit best. Though imprecise, the results were good enough to filter out eight
stars (Ha12, 14, 15, 21, 34, 40, 44, and 51) as being the of the M and K classes typical of a
T Tauri. It is these eight stars that will be investigated in this report.

Additionally, though no definite spectral type could be detected for Ha-41 with Pettersson's data, White's data indicated that it could be a binary T Tauri. As such, the mass and
age of Ha41 were not determined, but it will be dicussed later on in this report.

3

Analysis

Now, finally, comes the real work of this project: using the data collected by Pettersson and
White to find the physical properties of the eight T Tauri stars. The first step in this process

was to find the spectral type of each star. The spectral type is associated with a particular
surface temperature, but is also related to the size of the star. Next, that spectral type is used
to find the bolometric, or all-wavelength, magnitude of each star at a distance of 10 parsecs,
and thus its luminosity as compared to the Sun. With these two observational quantities
known, theoretical models can be used to estimate the star's mass and age. Specifically, this
is done with a program developed by White to interpolate between pre-calculated mass and
age tracks. Finally, mention is given to White's method of determining the radial velocity
of each T Tauri star.

3.1

Spectral Type Classification

In order to classify stars by their blackbody temperature, astro~lomersuse a system of letters
to denote spectral types. Going from hottest to coldest, these letters are idiosyncratically
arranged as 0 B A F G I< M, or as a mnemonic, "Oh, Be A Fine Girl/Guy, Kiss Me!" In
addition, a number is typically appended from 0 to 9, inversely proportional to temperature.
As T Tauri stars are still fairly cool, they are typically classed in the I< to M region. By the
time these stars have matured to the main sequence, they will likely have heated up enough
to be a G class, like the Sun.

Initially, the spectral types listed by Pettersson were used to calculate the luminosity and
temperature values for each star. White's more accurate HiRES data, however, produced
slightly different results, with most stars having a systematic offset of about one spectral
class subdivision. The results, shown in Table 1 on page 14, are that the first four stars
in the mid-h/I class (M2.5 to M4.5), while the second four consist of two mid-K class stars,
Ha34 and Ha44, while Ha40 and Ha51 are high M-class. Only Ha12 and Ha40, though, have
a low level of accretion, as interpreted by the equivelent width of the H-cr line being less
than 20

A

(Pettersson 1987). Therefore, the other stars observed could actually be hotter,

while having some of their light attenuated by an accretion disk.

3.2

Luminosity Determination

Luminosity is the amount of radiation that an object outputs per unit time. As most the
emitted radiation of a star is blackbody, this is basically a function of how hot the star's
nuclear fusion core has made the star's outer surface, or photosphere. Armed then the temperature of each star from its spectral type, the magnitude of two overlapping segments of
the spectral profile, and an estimation of the star's distance from Earth, finding the luminosity of each is basically a matter of all other factors equal and comparing it to the Sun.

The method used to do this in this project was to write a computer program in the C
language to determine the bolometric luminosity of each of the stars. This program is able
to read in the apparent luminosity of each star in the R and I bands, as listed by Pettersson,
and output luminosity in solar units. The R and I spectral bands cover the brightest portion
of a K to I\/I class star's blackbody curve, but block out most accretion excess (Hartmann
1998).

The first step in determining the absolute luminosity of each star is find the amount that
interstellar material, including any disk around the star, has dimmed the star's light, and, in
the process, increased the magnitude. For the I band (roughly from 0.6 to 0.9 microns) this
quantity is defined as AI, and AR for the R band (roughly 0.7 to 1 microns) (Cousins 1976).
Based on models of the density of the interstellar medium, standard values for AI/Av and
ARIAVare well ltnown (Rieke and Lebofsky 1985). In addition, standard values of R - I for
a given spectral type are also known, as the difference is basically defined the shape of the
blackbody curve. So, by algebra, AI can be found as:

Now that AI is known, it can be subtracted from the observed value for I, producing m ~ ,
the apparent magnitude in the I band if there were no interstellar material in front of the star.

A star is basically a point source of radiation, and so its intensity drops off as the inverse
square of distance. Applying this to the definition of magnitude, it can easily be seen that
there is a simple difference in the magnitude of a star (or any wavelength band thereof) as
a function of distance from the Earth:

Thus, the dimming of I due to distance can be found by setting p = ml

- m2, where

ml is

the magnitude of the star at distance d, and m2 is the magnitude of that star at the standard
distance of 10 parsecs. Plugging this into the above, y can be found to be:

p

=

5 * Loglo (L)
1Opc

Subtracting p from m~ will give n/lr, the absolute magnitude in the I band.

Next, to hnd the absolute magnitude across all wavelengths, the remaining portion of the
spectral profile must be added. As the profile is mainly blackbody emission, it is a direct
function of temperature, and thus spectral type. For I, this bolometric correction is defined
as BCI, resulting in a total absolute magnitude of:

Af*

=

((I- AI)

- p)

+ BCI

Now that the magnitude of the of the star at 10 parsecs is known, it can be compared to the
magnitude of the Sun at that distance. As the luminosity of the Sun is fairly well-known,
the difference in magnitudes quickly yields the star's luminosity in solar units:

In order to format the data properly for the next stage, the C program can output either
the temperature in Kelvin and lunlinosity on solar units for each star, or the Loglo of those
two quantities.

3.3

Mass and Age

Finding the mass and age of a pre-main sequence star was not nearly as straightforward as
determining its temperature and luminosity. Both must be inferred from theoretical evolutionary models of star formation. The application of such models to quantitative calculation
is a relatively recent phenomena, made possible by concurrent advances in computational
power (Siess and others 2000). Even still, these models are very complex, and far beyond the
scope of this project to implement. Instead, pre-calculated mass and age traclts, as functions
of temperature and luminosity, were used to interpolate these values.

Once the program for determining luminosity and temperature for each of the stars as a
function of distance was completed, it was modified to produce output tables suitable for
the cit-tr program created by White in 2000. This program uses polynomial interpolation
functions to fit the input temperature and luminosity values to pre-calculated mass and age
tracks of any one of several pre-main sequence evolutionary models. Specifically, Siess's 2000
model was used to calculate the values listed below, but the results were generally similar

to those using the models of Palla and Baraffe (Baraffe and others 1998, Palla and Stahler
1999, Siess and others 2000).

3.4

Radial Velocity

Though its calculation was not directly part of this project, the values of Earth-relative
radial velocity determined by White are included in Table 1 on page 14. These values were
found by comparing the spectra of the T Tauri sta,rs to a set of stars at a known velocity
and finding the redshift correction (due t o the optical doppler effect) necessary t o make the
stars match. The results for each comparison star were then averaged together to produce
an approximate estimate of radial velocity.

4

Results

The basic results of the above analysis call be seen below in Table 1. In summary, strong
evidence was found from the age calculations that the eight stars studied in this report do, in
fact, constitute two separate groups a t opposite ends of the Gum nebula. This is in spite of
all eight stars appearing within 10 ascension minutes of each other (Pettersson 1987). This
distinction is further corroborated by White's calculations radial velocity for six of the stars.

4.1

Temperature and Luminosity

When temperature and luminosity were first calculated, two very distinct groups appeared.
At a distance of 200 pc, the first four stars (Ha12, Ha14, Ha15, Ha21) all had roughly the
same age of around one million years old. The other four stars, (Ha34, Ha40, Ha44, Ha51)
appeared much hotter, and thus older, than the others. This grouping can clearly be seen
in Figure 1 on page 15, a Hertzsprung-Russell (HR) diagram showing the log luminosity of
each star as a function of log temperature, as well as isochrone lines showing the age tracks
of Siess (black) and Palla (grey).

Figure 2 on page 16, also an HR diagram, and Table 1 show the result of moving the
final four stars back to a distance of 700 parsecs, for the reasons described below. The
stars' luminosity and temperature are both now much more tightly grouped, reflecting the
more consistent ages. Additionally, it should be note that even though some of the stars are
even more massive than the Sun, their luminosity is significantly less, reflecting their still
warming-up nuclear cores.

4.2

Mass, Age, and Distance

As the heading of this section implies, the determination of both mass and age for the T
Tauris studied was an exercise in finding the appropriate distance from the Earth to set each
star. As was indicated above, the stars appear to be divided into two separate groups. As all
of these stars were most likely triggered t o form by the same event, they should, logically, be
roughly the same age. To find what distances male sense, the age of each star was calculated
as a function of distance, and the results averaged for each of the two groups. The result
can be seen in Figure 3.

It is immediately apparent from this graph that the first four stars (Ha12, Ha14, Ha15,
Ha21) have to within 100 to 300 parsecs for reasonable values of age (greater than 1 million
Star
Ha12
Ha14
Ha15
Ha21
Ha34
Ha40
Ha44
Ha51
Table 1: Mass, Age, and Distance Results

14

3.6

3.55
Log Temperature (K)

Figure 1: H-R diagram with all stars at a distance of 200 pc. Black points are the near
group, gray the far. Black lines are isochrones due to Siess (2000) and others, and dashed
due to Palla and Stahler (1999)

years). The farther distance would put the stars close to the center of the nebula (Brandt
and others 1971). The closer distance, though, is intriguing, as it is on the fringes of the
Gum nebula, and could possibly be one of the closest star-forming regions to Earth. To give
values representative of both extremes, the mass and age listed in Table 1 and Figure 2 are
given for a distance of 200 parsecs. Appropriately, this is the commonly accepted value for
the distance of the CG 30 and 31 cometary globules (Kim and others 2005).

The other four T Tauri stars (Ha34, Ha40, Ha44, Ha51) do not show nearly as much dependence on distance. Thus, in order that this group might be the same age as the first, it
must be much further away from the Earth. In fact, this group is probably located on the
far side of the Gum nebula, somewhere between 500 and 900 parsecs (Brandt and others
1971). Though it is not immediately apparent from Figure 3, Ha34, Ha44, and Ha51 are

3.6

3.55
Log Temperature(K)

Figure 2: H-R diagram for with the proper group distances. Black points are the near group,
gray the far. Black lines are isochrones due to Siess (2000) and others, and dashed due to
Palla and Stahler (1999)

actually very closely grouped, while Ha40 appears closer to the other group, meaning it is
less luminous for its temperature than the other three. This malces sense, as Pettersson lists
the Ha34, Ha44, and ~ a 5 as
1 having H a emissions greater than 60 A equivalent width, while
Ha40 is much closer to chromospheric emission at 10 A (Pettersson 1987). Thus, Ha40 is
most likely a t the same distance as the other three, and the lack of accretion from Ha40
means that its age per distance values are probably more representative of the group as a
whole. Thus, extrapolating over, the group is most likely at a distance of about 700 parsecs,
and that is distance used to calculate the mass and age of each star in Table 1 and Figure 2.

400
600
Distancefrom Earth (Parsec)

Figure 3: Average age of the two groups as a function of distance

5

Discussion

Eight young T Tauri stars have been identified and characterized, and their distances estimated at being either 200 or 700 parsecs. This unexpected distribution of distances makes
both groups of interesting in their own ways. Additionally, the apparent lack of consistent
accretion rates within the groups offers a window into the statistical distribution accretion
disks. Finally, the oddball star Ha41 offers an example of a binary T Tauri with a possibly
long-lived accretion disk.

5.1

The Near Group

The near group of stars (Ha12, Ha14, Ha15, and Ha21) appear very closely packed in age,
mass, distance, and radial velocity. Any one of these factors would indicate that the stars are
probably related, but when they are added to the fact the all four of the stars are within four

minutes of ascension (lo)of each other, their grouping seems very plausible. The distance
used, 200 parsecs, follows that of Kim's 2005 estimation of the distance of the CG 30131
complex of cometary globules, leading to the logical conclusion that this group is a part of
that system. However, Figure 3 shows that if the assunled age of the group is slightly older,
radial distances of 100 parsecs or closer are actually plausible. Considering that the other
ltnown close-by T Tauri systems, such as Ophiuchus and Ta.urus itself, are closer to 140
parsecs, the chance that these stars might be even closer is quite interesting (Prato 2006).

5.2

The Far Group

The farther group of T Tauri stars (Ha34, Ha40, Ha44, and Ha51) also show strong evidence
of grouping, though not nearly as strong as the near group. These four stars, which are
spread over just three minutes of right ascension, appear to be paired into subgroups. Ha34
and Ha44 both have an estimated mass slightly above that of the Sun, while Ha40 and Ha51
weigh half of a solar mass. In contrast, it is Ha34 and Ha51 that have nearly the same
age (10 million years at 700 parsecs), while Ha40 and Ha44 have log ages below, but still
within an order of magnitude of, the older stars. One could simply interpret this overlap as
evidence that they are all within a single group with a spread of masses and ages. But that
is possibly not the entire story.

The star Ha41, which is briefly described below, falls very neatly into the 3 ascension minutes
of this group, and Pettersson recorded similar magnitude V - I and R - I measurements as
for the stars of the far group. Thus, it is likely that Ha41 is part of this group, and therefore
at the same distance as the rest of the group's members. This is interesting because, as
described below, Ha41 can be identified as a spectral binary, and Ha34 shares a number of
the same spectral features as Ha41. This could imply that Ha34 has either a large disk, or
is in fact a binary. Some accretion is seen in Ha34's H-cr equivalent width (60 A), but the
estimated mass of 1.2 llIa could imply two stars with a mass closer to 0.6 A%.

5.3 Accretion and Disks
The accretion process within young stars is one of the most important, but still least understood, aspects of late stellar formation theory. As Hartmann says in Accretion Processes in
Star Formation, "h1Iost evidence for clislts around T Tauri stars is circumstantial at present"
(Hartmann 1998). But as he goes on to show, so many different lines of reasoning and evidence result in circumstellar dislts around T Tauri stars, that their existence seems fairly
likely. The existence of such dislts around stars is visible not only from the Hydrogen that
they feed to the H-o emitting accretion channels, but also from an infrared excess at wavelengths from about 2 microns to 2 mnl (Hartmann 1998). This excess, created by absorption
and re-emission of the star's light by the clust grains in the disk, is beyond tlle range of the

V, R, and I bands used above to find stellar luminosity, but is just within the range of the
I<band also reported by Pettersson. The near group has fairly consistent values of I(, with
a magnitude of about 10.5 (Pettersson 1987). The four characterized stars of the farther
group (Ha34, Ha40, Ha44, and Ha51) also show a tight grouping I( values, with a lower
average magnitude of 11.2, corresponding to their farther distance. The oddball, once again,
is Ha41, which has a magnitude closer to 9.2 (with a wide spread across four measurements).
This large amount of infrared excess corresponds well with a dusty disk, which, as the next
section shows, is actually fairly likely.

5.4

The Binary: Ha41

The reader may have noticed that the star Ha41 was mentioned early on in the report, but
was not analyzed for luminosity, temperature, mass, and age like the other eight T Tauri
stars identified by Pettersson. The reason for this is that neither Pettersson's nor White's
spectral data were clear enough to show this star's spectral type. The spectra obtained
by White, though, shows many features to broadened from their expected values, a classic
feature of a spectroscopic binary star system. This broadening is created by the doppler
shift of the two stars rotating rapidly around their common center of mass. The broadening,

though, is narrow enough to imply that the two (apparently young) stars have an orbital
period on the order of a few hours.

The closeness of these newborn twins would make this system interesting enough as it is, but
wait, there's more! Pettersson's observations show Ha41 to be producing a massive amount
H-a radiation, with an equivalent width of 98

A.

Thus, the stars must be surrounded by a

still very dense Hydrogen gas disk to feed the magnetic accretion cllannels and produce this
H-a excess on presumably both stars. Such a system is not completely unheard of; indeed,
this student's own advisor described such a one in 2005 White and Hillenbrand (2005). It
does appear, though, to unique among Pettersson's T Tauri stars, and thus warrants further
study.

5.5

Future Work

Future study on these stars could be done to integrate all the data collected by White on
HiRES, thus giving higher precision values for each star's luminosity, and thus age and mass.
In addition, this analysis could provide some measure of the ~a~riability
that T Tauri stars
are known for.

On the theoretical level, applying a more accurate model of both the attenuation and reemission excess caused accretion disks around some of these stars, could also produce more
accurate results for luminosity, and thus age and mass. Applying such a model would also
go towards finding the statistical probability of accretion disks surviving in a star more than
one million years old.

6

Summary

The scientific purpose of this project was to find the values of luminosity, temperature, mass,
and age for the eight potential T Tauri stars identified by B. Pettersson in 1986. Not only
was this objective completed and the stars confirmed as T Tauris, an unexpected discrepancy
in the luminosity to temperature ratios of four of the stars lead to the discovery that they
could in fact be on the far side of the Gum nebula, rather than in the nearby CG 30/31
complex.

In addition, this project fulfilled this student's personal goal of learning more about both the
methods and science of astrophysics. He learned more than he could have imagined about
accretion theory, star formation, spectral analysis, obscure I4QX hacking, and referring to
himself in the third person using passive voice.
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